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Abstract 
Hydro power generation is considered one of the best among other commercial power generation techniques due to a number of 
advantages.  Particle swarm optimization (PSO) has received increased attention in many research fields recently. In the present 
paper, particle swarm optimization technique, a relatively new technique for hydro power plant has been applied for the 
optimization of benefit cost ratio.  Considering various cost factors and revenue generation of hydro power plant benefit cost 
ration has been determined which comes out to be well above unity, a qualifying criteria for economic viability of hydro power 
plants.  This analysis of benefit cost ratio has been carried out based upon direct costs and revenue generated from thereof.  
However, indirect benefits of hydro power plants have not been taken into consideration in this paper. 
© 2011 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of ICCTSD 2011. 
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1. Introduction 
The Economically optimal design of hydro power plant by minimizing power losses and construction cost has been 
known for a long time however, it has been difficult to make full use of it, due to the great complexity of the hydro 
power plant and its optimization model. In recent years evolutionary methods have proved of great worth in 
optimization problems where the method of mathematical analysis are difficult to apply due to system complexity. 
A new model is presented for hydro power plant that uses PSO to maximize the benefit cost ratio of the plant. The 
model has been developed based on economic analysis using cost data and cost estimation technique. The 
methodology developed is applicable for all types of hydro Power Plant by making use of certain amendments 
related to cost data and design parameter [1,2].    
PSO, as an optimization tool, provides a population-based search procedure in which individuals called particles 
change their positions (states) with time. In a PSO system, particles fly around in a multidimensional search space. 
During flight, each particle adjusts its position according to its own experience, and the experience of neighbouring 
particles, making use of the best position encountered by itself and its neighbours. The swarm direction of a particle 
is defined by the set of particles neighbouring the particle and its history experience [3,4,5,6].  
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Let P and v denote a particle coordinates (position) and its corresponding flight speed (velocity) in a search space, 
respectively. Therefore, the jth particle is represented as ],...,,[ 21 iNGiii PPPP  in the m-dimensional space. The 
best previous position of the each particle is recorded and represented as ],...,,[ 21 iNGiii PbPbPbPb  . The index 
of the best particle among all the particles in the group is represented by the > @NGGGG ,...,, 21 . The rate of the 
velocity for particle is represented as ],...,,[ 21 imiii vvvv  . The modified velocity and position of each particle can 
be calculated using the current velocity and the distance from ijPb to jG as shown in the following formulas: 
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Where: 
NP is number of particles in a group. 
NG is number of members in a particle. 
R is the pointer of iterations (generations). 
w is the inertia weight factor. 
C1 and C2 are the acceleration constants. 
R1 and R2 are uniform random values in the range [0,1]. 
r
ijv is the velocity of j
th member of ith particle at rth iteration , maxmin j
r
ijj VvV dd
r
ijP is the current position of j
th member of ith particle at rth iteration . 
In the above procedures, the parameter maxijV determined the resolution, or fitness, with which regions are to be 
searched between the present position and the target position. If is too high, particles might fly past good solutions. 
If maxijV is too small, particles may not explore sufficiently beyond local solutions. In many experiences with PSO, 
max
ijV was often set at 10–20% of the dynamic range of the variable on each dimension. 
The constants c1, and c2.represent the weighting of the stochastic acceleration terms that pull each particle toward the
r
ijPb ,
r
jG positions. Low values allow particles to roam far from the target regions before being tugged back. On the 
other hand, high values result in abrupt movement toward, or past, target regions. Hence, the acceleration constants 
C1, and C2 were often set to be 2.0 according to past experiences. 
Suitable selection of inertia weight w in Eq.(3) provides a balance between global and local explorations, thus 
requiring less iteration on average to find a sufficiently optimal solution. As originally developed, w often decreases 
linearly from about 0.9 to 0.4 during a run. In general, the inertia weight w is set according to the following 
equation: 
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where 
ITMAX is the maximum number of iterations (generations), and 
IT is the current number of iterations. 
2. Cost Estimation and Design of the Power Plant Equipment 
The cost estimates has been made on the basis of quick estimation techniques and cost data [7,8,9,10]. The 
methodology developed is for small hydro power plants and can be extended to large hydro power stations by 
amending the cost data and design parameters[11]. 
2.1 Trench Weir and Intake Cost 
All the small hydro power plants are presumed to be requiring a trench weir across the khuds.  The intake will be 
equipped with a trash rack. On small hydro projects, trash racks are normally designed for a velocity of about 0.75 
m/s, hence the intake area and trash rack cost will be a function of flow [12]. The cost estimate for trench weir and 
intake is given by the following equation . 
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The estimate for trench weir and intake (c1) = Rs. (15.6 × 10
6 + 15 × cc) × q     (4) 
 where, 
x q is the discharge considered as design discharge. 
x cc is the cost of concreting per m3.
2.2  Desilting Chamber
The dimension of desilting tank depends on the design discharge and settling velocity. Following inequality is used 
to determine the possible desilting chamber size. 
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s
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 where, 
x Vmax is recommended settling velocity (generally taken as 0.2 m/s). 
x Umin is velocity at which minimum size of the silt particles can settle (generally taken as 0.03 m/s). 
x Ws is the width of desilting tank 
x Ls is the length of desilting tank. 
x Ds is vertical distance in which the particles are to be trapped 
After evaluating the dimensions, from equation (5), the volume of concrete required can be calculated as  
Volume of concrete required will be = 0.15(Ls × Ws + 2×Ls× Ds + 2×Ws× Ds)
 Cost of concreting of desilting chamber (c2)
= 0.15 (Ls × Ws + 2×Ls× Ds + 2×Ws× Ds) × cc. 
 Volume to be excavated  = 1.2 (Ls × Ws× Ds)
Cost of excavation of desilting chamber (c3)   =1.2 (L
s × Ws× Ds ) × ce 
 where, 
x ce is the excavation cost per m3.
2.3 Water Conductor System 
The water conductor system in a hydro project consists of the following: 
(i) Head race channel 
(ii) Head race tunnel. 
The construction cost of both the systems is of considerable importance. So their costs are arrived at with extra care 
so as to minimize the losses during conveyance and thus to have maximum benefits. The cost of both the systems is 
arrived as under. 
2.4 Head Race Channel
The channels are to be designed with free board for allowing higher flows than the design flow because it is vital 
that the channel should not spill, when it is carrying excessive water because damage will rapidly occur to its walls 
and the hill sides on which it is built. The dimension of the channel can be evaluated by the following equation, 
NSRAq /2/13/2c                                   (6) 
x Ac  is the area of the channel. 
x R hydraulic mean radius. 
x 1/ PAR c 
x P1 Wetted perimeter. 
x N is the Rugosity coefficient of the channel. 
x S is the slope of channel. 
For the economic design of trapezoidal channel  
  R = y/2 
  t/2 = sloping side. 
where,  
x y is the depth of the channel.  
x t is the top width of channel.  
The slope of the sloping side of the channel is 1(vertical) in z (horizontal) 
212 zyt                                                                           
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The area of trapezoidal channel will be 
Ac = (b+ zy).y  
  NSyyzybq /2)( 2/13/2                                             (8)
From equation (7) and (8) the value of depth, bottom width and top width of channel can be evaluated. The depth of 
channel is to be taken in such a way so that the spill of water from the channel can be avoided. 
Actual depth of channel = 1.2y 
 Area to be excavated = 1.1×1.2(b+ 1.2zy)y  
The factor 1.1 has been taken to account for the over break. 
Total excavation cost = (1.1×1.2(b+ 1.2zy)y) ×ce  
Total cost of channel lining = )14.2(1.1 2zyb  ×cl
where, 
x cl is the cost of channel lining  
Total cost of channel c4 = (1.1×1.2(b+ 1.2zy)y) ×ce + )14.2(1.1 2zyb  ×cl
2.4 Head Race Tunnel 
The head race tunnel diameter has a significant importance because the cost of tunnel is one of the main parameter, 
which governs the economics of the power plant. Larger diameter would mean lesser energy loss, resulting in 
greater capital cost and lesser revenue loss, on the other hand smaller diameter would mean smaller capital cost but 
larger revenue loss, hence, it is necessary to arrive at the economic diameter of the power tunnel. 
The diameter of the tunnel is given by the following equation: 
aCC
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D
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KP                                     (9) 
 where, 
x D  is the diameter of tunnel.   
x Ce is the excavation cost per cubic metre of the tunnel. 
x C1 the cost of lining per cubic metre. 
x a is the percentage of annual cost. 
x µ is the selling rate per unit.  
x K  is the efficiency of power plant 
 Once the economic diameter is known the tunneling cost can be evaluated as  
1. Tunneling cost [12] 
Area of excavation per meter length of tunnel 
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               Tunneling cost (c4) = u2067.1 D  length of tunnel × Ce 
2. Cost of HRT Lining 
Area of HRT lining per metre 
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 = 0.284 2D
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Volume of lining = 0.284 u2D  length of tunnel 
Cost of lining (c5) = Volume of lining × C1
2.6 Penstock Design and Cost 
The cost of penstock is a function of the weight of steel, as determined by plate thickness, penstock diameter and 
length. For small hydro power plants, the penstock diameter can be calculated by the following equation [7,8]: 
5.072.0 qD
p
                  (12) 
Thus, penstock cost becomes a function of flow and length. 
 where, 
x
p
D  is the diameter of penstock. 
  Weight of penstock for L metre length 
kg
DLH
p
1
21480
V
 
               
(13)  
 where, 
x H is the design head of power plant 
x L  is length of penstock. 
x V1 is allowable stress in steel in kg/cm2
    Penstock cost (c6) = Quantity of steel of penstock (kg) ×cost/ kg of steel including fabrication. 
2.7 Power House Equipment Design and Cost 
The power house cost is a function of installed capacity and head [9, 10].  The equipment cost can be evaluated as: 
Equipment cost in dollar (c7) = 9000(9.8 qm H
0.65K)      (14)
The volume of concrete in a power house sub-structure, which comprises a major percentage of the power house 
cost, can be derived from following equation: 
][** 5.2 w
p
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RNDKV                
(15) 
 where, 
x
p
V  is volume of concrete (m3)
x KH is Constant, varying from 80 to 250 depending on head.  
x N is Number of units 
x Rw  is Repair bay factor, it varying from 0.3 to 1.2 depending on repair bay 
  Cost of concreting of power plant (c8) = 
p
V ×cc
2.8 Cost of Transmission Lines and Substation 
The transmission line cost can be accounted for as per the actual length of line and substation, here, for the 
calculation purposes it is taken as 10% of the total cost. 
2.9 Total Project Cost 
The total cost evaluated from the previous can be enhanced by 10% to take care of management cost and land 
compensation etc. 
Total capital outlay Cp = 1.2 ×¦
 
Z
z
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1         
(16) 
where, 
x Z is the total cost components. 
The annual maintenance cost mc  (Rs) of the power plant can be taken as 5 % of the capital cost. 
mc  = 0.05u pC           (17) 
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The single payment Present worth value of investment C’ (Rs) is given : 
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where, 
x ct is the annual capital investment of tth  year; 
x p is the present worth or equivalent value of an amount of money at time zero ; 
x f is the future worth or equivalent value of an amount of money at time n;   
x i is the annual interest rate which is taken as 12%; and   
x n is number of  interest years, considered as 35 years 
3. Problem Formulation 
The objective of this study is to maximize the benefits from the power plant, by selection of the optimal design of 
the power plant equipment using PSO. For achieving the optimal design of the components, the population of the 
discharges over the range from minimum to maximum has been selected [13,14,15]. 
3.1 Objective Function and Constraints 
The objective function of the maximization problem can be stated as 
),,()max( '' CBqf E
       
(20) 
 and 
`
`
C
B E
where, 
x E  is the PV of benefit cost ratio (fitness value for the chromosomes) 
x B` is the present value of benefits. 
x C` is the present value of the cost the power plant. 
Following are the constraints of this maximization problem 
qmin < q< qmax 
where, 
x qmin is the minimum recorded discharge of the stream on which the power plant is to be designed. 
x qmax is the maximum recorded discharge of the stream on which the power plant is to be designed. 
Optimum diameter of tunnel (m) 
D  > 2.5 
4. Proposed Methodology for Solution 
4.1 PSO Algorithm  
The basic operation of PSO is given by [16, 17, 18, 19]:
Step 1: Initialize the swarm from the solution space. 
Step 2: Evaluate fitness of individual particles. 
Step 3: Modify gbest, pbest and velocity.
Step 4: Move each particle to new position.
Step 5: Go to Step 2 and repeat until convergence or stopping condition is satisfied. 
5. Results and Discussion 
The application of particle swarm optimization, PSO for optimization of hydro power plant design based on benefit 
cost ratio comes out to be 1.5.  Any project bearing benefit cost ratio greater than one is considered to be a feasible 
project.  Particularly, in hydro power projects there are numerous indirect benefits also.  Moreover, for some time in 
a year, discharge is greater than design discharge which gives revenue from secondary power generation during 
monsoon periods.  This gives increment to the benefit at same costs. So far as PSO technique is concerned, this 
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technique is based on the mathematical simulation of the social behaviour of bird flocks and fish schools.  It is 
considered superior to other optimization technique due to adjustment of lesser number of parameters.   
Fig.1 Variation of Benefit Cost Ratio with optimum discharge during phase 1 
Fig.2 Variation of Benefit Cost Ratio with optimum discharge during phase 2 
6. Conclusions 
Optimization studies are very important to check the economic viability of any project before hand.  In this paper, 
particle swarm optimization technique known as PSO has been used for the optimization of benefit cost ratio 
accrued from the hydro power plant.  PSO technique is the latest amongst the various optimization techniques 
available today and has not been used so far for the optimization of hydro power plant. A case study has been 
presented in paper and benefit cost ratio obtained is well above unity, which proves the feasibility of power plant.  
Especially in development of hydro power plants in addition to sole benefit cost ratio, there are a large number of 
indirect benefits like, social benefit, environmental benefit as compared to thermal power plant etc. which if taken 
into consideration  will be much more than the value that has been calculated based on costs and revenue generated. 
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